Classical genetic studies have revealed the presence of an inheritance mechanism in chloroplasts and mitochondria which is partially independent of the nuclear genome.", 2 The production of inheritable cytoplasmic changes by UV irradiation,' 3' 34 streptomycin,' and dyes which interact with nucleic acids4' 6 implicated DNA in the transmission of cytoplasmic genetic information. The demonstration of Feulgen-positive material in association with mitochondria of DNase-treated fibroblasts,7 in the kinetoplast of trypanosomes,8 and in the plastids of Chlamydomonas' suggested that these organelles contain DNA. The intramitochondrial localization of DNA was strengthened by the electron microscopic demonstration of heavy metal staining, DNase-removable filaments inside the organelle.10 Finally, the demonstration that DNA could be isolated from chloroplasts of higher plants'1 and Chlamydornonas,12 and that this DNA has a buoyant density in CsCl different from that of nuclear DNA, provided the definitive proof of an organellespecific DNA. Mitochondria also contain a DNA of an independent buoyant density as demonstrated in Neurosporal" and chick,'4 and subsequently in a wide variety of other organisms.
Classical genetic studies have revealed the presence of an inheritance mechanism in chloroplasts and mitochondria which is partially independent of the nuclear genome.", 2 The production of inheritable cytoplasmic changes by UV irradiation,' 3' 34 streptomycin,' and dyes which interact with nucleic acids4' 6 implicated DNA in the transmission of cytoplasmic genetic information. The demonstration of Feulgen-positive material in association with mitochondria of DNase-treated fibroblasts,7 in the kinetoplast of trypanosomes,8 and in the plastids of Chlamydomonas' suggested that these organelles contain DNA. The intramitochondrial localization of DNA was strengthened by the electron microscopic demonstration of heavy metal staining, DNase-removable filaments inside the organelle.10 Finally, the demonstration that DNA could be isolated from chloroplasts of higher plants'1 and Chlamydornonas,12 and that this DNA has a buoyant density in CsCl different from that of nuclear DNA, provided the definitive proof of an organellespecific DNA. Mitochondria also contain a DNA of an independent buoyant density as demonstrated in Neurosporal" and chick,'4 and subsequently in a wide variety of other organisms.
Little information is available indicating a specific genetic role for cytoplasmic DNA. Since the function of DNA is limited by its size, an accurate determination of the total length of the mitochondrial DNA molecule would provide a probable maximal limit to its genetic capacity. The high susceptibility of DNA to shear in handling makes it very difficult to isolate intact DNA filaments. Formalin was added to a concentration of 0.5 per cent just prior to allowing the solution to flow down an inclined glass slide onto a hypophase of 0.3 M ammonium acetate which also contained 0.5 per cent formalin. DNA was picked up on carboncoated formvar support films mounted on 200-nmesh copper grids. Grids were shadowed on a rotary turntable (Ladd Res. Instr. Inc.; 6 rpm). The (center of the turntable was 11 cm from the uranium oxide pellet, at an angle of 6°. Nine-to sixteen-mg pellets were evaporated in a tungsten basket, over a period of 5-10 min in a vacuum of less than 10-4 mm Hg.
Micrographs were taken with a Siemens-Elmiskop I, operated at 80 -kv, at a calibrated magnification of 9,600. A replica of a diffraction grating (Fullam, 54,800 L/in.) was used for calibration.
Negatives were projected onto paper and the molecules were traced. The penciled outlines of DNA filaments were then measured with a map measurer (K & E).
Results.-The buoyant density of mouse mitochondrial DNA was 1.699, which corresponds to the peak density of the nuclear DNA (Fig. 1) . The identical buoyant density of nuclear and mitochondrial DNA had made work with mouse tissues difficult, since experiments with other organisms indicated that isolated mitochondria were likely to be contaminated with nuclear DNA. However, the property of mitochondrial DNA of renaturing rapidly, under conditions which result in little or no renaturation of the principal peak of nuclear DNA,20 provides another method for distinguishing between the two types of DNA. This criterion was applied to mouse mitochondrial DNA and it was observed that all detectable DNA renatured under these conditions (Fig. lb) . When a sample of nuclear DNA purified on CsCl was subjected to the same treatment ( The mitochondrial preparation also showed a complete absence of the nuclear satellite which bands at a density of 1.690. This satellite has been observed in several mouse tissues and in L cells.22 It is obvious from data in Figure 1 that the satellite is located in the nucleus. This satellite melts at a characteristically lower temperature 2 than the remainder of nuclear DNA and shows renaturation properties similar to low-molecular-weight DNA's of phage and mitochondria. Electron microscopical observations of mitochondrial DNA spread on a grid showed a number of filaments in the shape of circles (Fig. 2) . In molecules which were well spread (Fig. 2a, right) , there was no overlapping, and the contour length was easily measured. Others showed rather extensive overlappinig, and measurements could be made with less confidence (Fig. 2a, left) . The Since most rods were less than 2 As long, that rods are more susceptible to break-6 , i in length.
age than circles. A greater stability of the circular form might be expected if mitochondrial DNA assumes the supercoil configuration demonstrated for some viruses. 25' 26 Inman27 has shown that there is no large preferential selection for either short or long molecules during preparation for electron microscopy. Discussion.-From these results, it appears that the native form of mouse mitochondrial DNA is a circular duplex of molecular weight less than 10 million. The establishment of a circular form for the molecule provides an unequivocal measure van Bruggen et al.37 report an enrichment of supercoiled forms in the more rapidly sedimenting fractions from sucrose gradients. A supercoiled form should also result in a significant reduction in shear breakage, and thus may account for the low percentage of rods of the same length as circles (Fig. 3c) .
The calculated molecular weight of 9.5 X 106 daltons depends on the assumption that the molecule exists in the B form on the grid. Caro39 has demonstrated that DNA prepared by the Kleinschmidt technique is in the B form by treatment with actinomycin D prior to spreading in order to prevent the transition from the B to the A form. The molecular weights determined from DNA spread by the Kleinschmidt technique correspond to molecular weights determined by a variety of other methods.39 40 Previous estimates of mitochondrial DNA content vary considerably. The sizes of 12 million daltons for Neurospora,'3 2-20 million for yeast,4' and 8.7 million for rat42 correspond closely to our results, but values as high as 100 million for protozoa43 and plants44 are considerably higher. These latter estimates were calculated on the basis of total DNA per mitochondrion and they probably represent more than one molecule per organelle. Electron microscopic observations of multiple filaments per organelle indicate that this may be the case. 14 45 The combination of a narrow density distribution and low standard deviation in contour length suggests that mouse mitochondria may contain a single population of DNA molecules. If this is true, it is possible to estimate the maximum amount of genetic information residing in the mitochondrial genome. A length of 4.96 4 is equivalent to approximately 14,600 base pairs. Utilizing all base pairs, 5 X 103 amino acids in polypeptides of a total molecular weight of 5.84 X 105 can be specified. This corresponds to less than 30 polypeptides of average molecular weight 20,000.
It is well documented that isolated mitochondria are able to synthesize proteins. 46 The presence of a unique chloroplast ribosome47 as well as evidence for RNA in mitochondria, a portion of which is probably in the form of ribosomes,4854 suggests that ribosomal RNA may be a product of mitochondrial DNA transcription. Demonstration of RNA polymerase activity in isolated mitochondria supports this conclusion.52 Transfer RNA is also reported to be present inside the mitochondrion.52 If both ribosomal and transfer RNA are specified by the mitochondrial genome, 7,000-10,000 nucleotide pairs should be used. Since the total RNA from a single "mitochondrial ribosome" would anneal with 15 per cent of isolated mitochondrial DNA, hybridization experiments with highly purified preparations should be readily interpretable.
The highly ordered arrangement and exclusive mitochondrial localization of the respiratory chain suggest the enzymes of this assembly as candidates for mitochondrial DNA specification. Using even the lower values reported for the minimal subunit molecular weights of the terminal dehydrogenases, however, simple calculations indicate that little more than the minimal assembly could be determined by the available DNA. It would appear theoretically impossible for mitochondrial DNA to code for any appreciable number of the auxiliary enzymes which are associated with respiration or with isolated respiratory fragments.
Surnmary.-DNA has been isolated by phenol extraction from mitochondria of mouse liver using methods which eliminate nuclear contamination. The rapid rate of renaturation indicates an absence of nuclear DNA. A single molecular species is indicated by buoyant density determinations. Individual molecules are demonstrated to be circular when prepared for electron microscopy by the Kleinschmidt method. The filaments have a measured contour length of 4.96 L 0.10 , which corresponds to a molecular weight of 9.5 X 106 daltons. Such a low molecular weight would place obvious restrictions on the genetic capacity of mitochondria to specify some of their own components.
Note added in proof: Recently, circular molecules have been observed in preparations of mitochondrial DNA isolated from calf heart and chick liver (confirming the report of van Bruggen et al.37). Mitochondrial I)NA from three other tissues of mouse and rat liver is also circular. All of these circular DNA filaments are the same length as those from mouse liver. 
